We use uranium (U) isotope ratios to detect and quantify the extent of natural U reduction in 16 groundwater across a roll front redox gradient. Our study was conducted at the Smith Ranch-17 model that evaluates both the migration of U from the ore body and the extent of natural 27 attenuation due to reduction. We find that the pre-mining migration of U down-gradient of the 28 delineated ore body is minimal along eight transects due to reduction in or adjacent to the ore 29 body, whereas two other transects show little or no sign of reduction in the down-gradient 30 region. These results suggest that characterization of U isotopic ratios at the mine planning stage, 31 in conjunction with routine geochemical analyses, can be used to identify where more or less 32 post-mining remediation will be necessary. 33
Introduction 34
Nuclear power constitutes approximately 20% of electricity production in the United States 35 and is considered an important component of current energy policy 1 . Mining of U ore will 36 continue to be necessary to maintain existing nuclear reactors and support any potential future 37 expansion of nuclear energy. More than 90% of U.S. U production and nearly half of global 38 output comes from in situ recovery (ISR) mines 2 . The ISR method improves the economics of 39 mining lower grade ore deposits and potentially reduces the environmental and public health 40 effects relative to traditional underground or open-pit mining techniques. There is little to no 41 surface contamination from radioactive dust, leach ponds or tailings piles because the ore is 42 extracted in an aqueous form. 43
Despite the advantages of ISR mining, there is considerable uncertainty surrounding the 44 restoration of impacted aquifers to pre-mining (baseline) water quality 3 . A better understanding 45 of the long-term fate of U and other contaminants from ISR mining, particularly fluid-sediment 46 interactions that attenuate U concentrations, would enable industry and regulators to make more 47 informed restoration plans and ensure the integrity of adjacent potable water supplies. For 48 example, geologic formations that host U deposits suitable for ISR mining could have sufficient 49 natural reductive capacity to sequester residual aqueous U after mining and restoration are 50 completed. The reductive precipitation of U is preferred to other sequestration pathways such as 51 sorption, because it is thought to limit U mobility over greater timescales 4 . 52
The reduction of hexavalent U has been widely cited but poorly documented in ISR restoration 53 settings. For example, there is little known about the residual reducing capacity of the sediments 54 and reduction pathways, how the kinetics of reduction reactions compare to groundwater 55 velocities, the effects of aquifer heterogeneity on reduction, or whether the planned duration of 56 groundwater monitoring is sufficient to ensure adequate natural attenuation 2 . The purpose of this 57 study is to highlight how pre-mining distribution of U and its isotopes can provide insights into 58 the removal of U from groundwater. This type of background data and understanding of the 59 natural system is a prerequisite to predicting the fate of U after mining-restoration. 60
The isotopic composition of dissolved U in groundwater is a promising tool for evaluating the 61 fate of U down-gradient of ISR operations. There are two types of isotopic abundance variations: 62
(1) variations in the relative abundance of 234 U in response to natural radioactive decay of 238 U 63
and (2) mass-dependent variations in the 238 U/ 235 U ratio associated with the chemical reduction of 64 U. Changes in the abundance of 234 U, as reflected in the activity ratio of ( 234 U/ 238 U), arise due to 65 α-recoil of the daughter 234 U isotope from mineral grains. The 234 U isotope has a recoil distance 66 of 30-40 nm in most silicate minerals and can be either directly ejected from the mineral to 67 groundwater or preferentially leached from radiation induced mineral defects [5] [6] [7] . Large variations 68 of ( 234 U/ 238 U) in sandstone hosted U deposits have been recognized for more than 50 years but 69
have not been utilized in environmental monitoring or restoration planning at ISR locations 8,9 10-70 12 . 71
Recent research using environmental samples and laboratory experiments also documents 72 small variations in 238 U/ 235 U, a ratio that was long thought to be effectively invariant in most 73
Earth materials 13 . Change of 238 U/ 235 U is primarily associated with reduction of U(VI) to 74 U(IV) 10, 14 , where 238 U is preferentially reduced compared to 235 U. Experimental and field 75 evidence suggest that the maximum magnitude of instantaneous U isotope fractionation during 76 
Hydrogeologic setting 120
The Smith Ranch-Highland ISR mine is located approximately 50 miles northeast of Casper 121
Wyoming, USA at the southern end of the Powder River Basin (Fig 1 inset) . The U ore is 122 concentrated in fluvial sandstones of the Paleocene Fort Union Formation (Fig S1) . Regionally 123 the strata dip to the East at <0.5° and groundwater flow is mostly eastward at 2-3 m/yr 32 . 124
Uranium is concentrated at redox boundaries (roll fronts) that are typically 2-8 meters wide and 125 at depths of 61-366 meters below the surface. Uranium typically occurs as uraninite (UO 2 ) and 126 coffinite (U(SiO 4 ) 0.9 (OH) 0.4 ) coatings on sand grains and is commonly associated with pyrite and 127 carbonaceous matter, which may have facilitated U reduction [33] [34] [35] . The U is thought to have been 128 reduced from the soluble U(VI) to the insoluble U(IV) at a redox interface along the hydraulic 129 gradient, forming crescent-shaped (roll-front) ore deposits. 130
The study area is mining unit 4a (MU4a ; Fig 1) , which consists of a perimeter ring of 131 monitoring wells and a series of injection and production wells completed within the ore bearing 132 sandstone. The area was mined between 1999 and 2005 using local groundwater fortified with 133 CO 2 and O 2 . MU4a entered a restoration phase in 2013, however there were no remediation 134 activities as of our sample collection time except for pumping from recovery wells to maintain 135 negative hydraulic pressure, thus restricting down gradient migration of ore zone fluids. The 136 groundwater analyses have never yielded concentrations of U in excess of the pre-mining values 137 (Fig 1) , which implies that the monitor well fluids are not affected by mining. 138
Prior to mining, the monitoring wells in the ore zone and perimeter ring were sampled as part 139 of NRC licensing and characterized for major cations, anions, U, 226 Ra and 228 Ra 32 . Fluid samples 140 from the wells up-gradient of the ore body had U concentrations of 10-17 ppb. Down gradient 141 samples had concentrations as low as 5 ppb and up to 17 ppb (Fig 1) . Aqueous U in the ore zone 142 monitoring wells had 23-72 ppb U with the highest concentrations in the southeast end of the 143 mining unit (Fig 1) facilities/smith-ranch/isr-wellfield-ground-water-quality-data.html) summarized above are 160 consistent with a local U mineralized zone surrounded by low U concentration sediments and 161 low U concentration groundwater, an ideal situation for assessing U isotope fractionation 162 associated with a redox boundary and groundwater transport. 163
Methods 164
Fluid samples were collected from monitoring wells in MU4a with dedicated down-hole 165 pumps. Wells were purged and then the collected samples were filtered with a 0.45-µm in-line 166 filter and acidified in the case of U isotope aliquots. Samples for S and O isotopes of sulfate were 167 filtered and then aqueous SO 4 was fixed by adding 20% BaCl 2 to precipitate BaSO 4 . Sulfate 168 samples were subsequently acidified with 6M HCl to remove any BaCO 3 . 169
Sediments from the ore zone were recovered from an adjacent mining unit (MU4) by double 170 tube coring and fractions were shipped to Los Alamos National Laboratory 35 . Sediment aliquots 171 were characterized for mineralogy, elemental composition and isotopic compositions of carbon, 172 U and sulfur 35 . Separate sediment aliquots were dissolved at UC Berkeley using nitric and 173 hydrofluoric acids and prepared for δ 238 U measurements using the same methods as aqueous 174
samples. 175
Samples for 234 U/ 238 U analysis were purified using Eichrom Tru-Spec resin and analyzed on the 176 GV IsoProbe at Lawrence Berkeley National Laboratory following well-established techniques 20 . 177
The 234 U/ 238 U ratio is usually discussed in terms of activity (A), where A=nλ and n is the number 178 of atoms and λ is the isotope decay constant. In a closed system, the activity of parent and 179 daughter isotopes will reach secular equilibrium (A 238U =A 234U 
Results and Discussion 199

Groundwater chemistry from 2012-2014 sampling campaign 200
The groundwater compositions for baseline (ore zone) and monitoring wells are reported in 201 In contrast to the up-gradient groundwater samples, the down-gradient samples display a large 210 range in U concentrations, ( 234 U/ 238 U) and δ 238 U (Fig 2) . Most of the down-gradient samples have 211 U concentrations <10 µg/L, lower δ 238 U (-1.5‰ to -2.8‰) and lower ( 234 U/ 238U ) (< 3.70) 212 compared to the up-gradient water samples (Fig 2) . These observations are consistent with the 213 hypothesis that the ore body represents an important reaction zone along the groundwater flow 214 path. Two down-gradient samples from wells M458 and M452 have elevated δ 238 U and U 215 concentrations similar to the up-gradient samples (Fig 2) and thus lack the reduction signature 216 typical of the other down-gradient wells. 217
Groundwater samples from the ore zone collected after mining have high residual U 218 concentrations (13-40 ppm), have relatively high δ 238 U compared to the up-gradient and down-219 gradient samples, (-0.41‰ to 0.15‰) and have ( 234 U/ 238 U) near secular equilibrium (0.97-1.11) 220 (Fig. 2) . These data are all consistent with residual oxidized U that came from dissolution of U 221 oxide minerals 35 . The high U concentrations in the ore zone are likely due to some residual 222 oxidation of U and enhanced U(VI) stability in the presence of high bicarbonate concentrations 223 after the completion of mining, at least adjacent to the borehole. Where R fluid is the measured isotopic ratio in groundwater, R initial is the isotopic ratio of the 268 starting groundwater before reductive U removal, f is the concentration expressed as a fraction of 269 the initial U(VI) reservoir and α is the fractionation factor defined above. According to the 270 distillation model when α >1 and U is removed from solution, the 238 U/ 235 U and remaining U 271 concentrations decrease. Though it is difficult to sample the initial dissolved U in natural 272 systems, the quantity of interest is commonly α, which can be calculated by least squares fitting 273 of the measured concentrations and isotopic ratios 48 . 274
A distillation model for the isotopic evolution of the MU4a groundwater was calculated using Table S1 ). The apparent fractionation factor is likely a minimum 280 value as fluid transport effects such as localized reduction, dispersion, and diffusive limitations 281 tend to lessen the observed isotopic fraction compared to the intrinsic fractionation (i.e. observed 282 in laboratory experiments or from theory) 50, 51 . The difference between the MU4a-only and all 283 monitoring well δ 238 U fractionation factors might arise from hydrology effects as the study area 284 size is increased. We discuss this concept in more detail below. Additionally, because sorption 285 does not strongly fractionate U isotopes, U removal by this process will also result in apparent 286 fractionation factors shifted toward unity 21, 52 . The correlated [U] and δ 238 U in MU4a groundwater 287 suggests that U is removed by the reductive precipitation of U(VI) to U(VI). 288
The calculated U isotope fractionation factor is similar to equilibrium fractionation factors of 289 45 . 315
Uranium reduction mechanisms and U isotope fractionation 316
Recent experimental studies suggest that variations in δ 238 U in low temperature environments 317 arise primarily due to direct enzymatic U reduction by microbes and that δ 238 U is not 318 significantly fractionated during inorganic reduction 56, 57 . These inferences reflect the distinctly 319 different U isotope fractionation observed in inorganic reduction experiments and microbial 320 reduction experiments. The microbial experiments are thought to achieve a quasi-equilibrium 321 condition for U isotopes, explaining the similarity to ab initio fractionation estimates with 238 U 322 enrichment in the product (reduced) phase. In contrast, inorganic magnetite reduction 323 experiments show 235 U enrichment in the product (reduced U(IV)) phase, possibly due to kinetic 324 effects that are related to the absence of exchange between the reduced and oxidized reservoirs 56 . 325
The U isotope variations in the MU4a groundwater can be used to infer possible U reduction 326 mechanisms. The fractionation factor we derive is similar to the ab initio value, meaning the data 327 could be interpreted as solely microbial U reduction or that the native mixture of inorganic and 328 microbial reductants produce U isotope fractionation similar to the theoretical calculations and 329 dissimilar from the recent inorganic experimental data. Evidence that redox conditions are 330 favorable for inorganic U reduction occur in the relevant aquifer at Smith Ranch includes 331 aqueous Fe(II) concentrations and observations of reduced U on the surfaces of pyrite grains in 332 sediment cores from an adjacent mining area 35 . The thermodynamic conditions for U reduction 333 by aqueous Fe(II) are likely based on Fe(II) concentrations >100 ppb in the down-gradient wells 334 (e.g., 454, 455A, 458 and 452; Supporting Information Fig S3) We evaluate 3 scenarios that could describe U transport in the down-gradient region and 398 compare the predicted ( 234 U/ 238 U) to the measured down-gradient water samples. Model 1 (M1) 399 and model 2 (M2) have persistently high (50 µg/L) and low (2.5 µg/L) U concentrations from the 400 ore zone to the down-gradient monitoring wells, respectively (Fig 4) . concentration down gradient is required to generate ( 234 U/ 238 U) similar to those observed at the 407 monitoring ring (Fig 4) . If U reduction is near quantitative in the pre-mining ore zone then the 408 ( 234 U/ 238 U) at the monitoring ring will be relatively high (Fig 4) . Conversely, if groundwater has 409 high U concentrations as it migrates down gradient, this will result in low ( 234 U/ 238 U) at the 410 monitoring ring. 411
The model results mean that the ( 234 U/ 238 U) can be used as a tracer to interpolate the fate of 412 aqueous U between the ore zone wells and the monitoring ring and may be helpful for 413 identifying transects where relatively high aqueous U concentrations have migrated down-414 gradient of the ore zone. In other words, the ( 234 U/ 238 U) at the monitoring wells will shift toward 415 the ore zone value (in this case <2.5) if groundwater with relatively high aqueous U 416 concentrations migrates toward the monitoring ring, increasing the effective L recoil and L weather 417 equilibration distances. This effect will be detectable prior to U breakthrough at the monitoring 418
wells. 419
The weathering-α-recoil model can be an effective tool for understanding the long-term fate of 420 U mobility in ISR sites after mining-restoration activities are completed. The mining process 421 imparts a distinct δ 238 U-( 234 U/ 238 U) signature (Table 1; Fig 2) , which is less heterogeneous than 422 the pre-mining ore zone fluids and could be easily traced once the natural site hydrology is 423 as the interpretation of ( 234 U/ 238 U) data in the down-gradient wells will change somewhat if 445 ( 234 U/ 238 U) in the ore zone fluids is appreciably higher or lower (Fig 4) . In the case of the MU4a 446 study area, there is evidence for both minimal U transport out of the ore zone and substantial U 447 reduction based on the U isotopic data (Figs. 2-4) . Two exceptions may be the M458 and M452 448 wells, where the U appears to be a mixture of up-gradient-ore zone sources with little reduction. 449
This suggests that extra attention to the remediation-restoration work up-gradient of the 450 aforementioned wells may be necessary to mitigate down-gradient U transport compared to the 451 rest of the well field. The ability to estimate the contribution of reduction to the overall U 452 attenuation budget (reduction + adsorption) of the aquifer solids could be incorporated into 453 reactive transport models constructed to predict down-gradient concentrations of U. 454 
